The adaptive immune system uses two main types of antigen receptors: T-cell receptors (TCRs) 6 and antibodies. While both proteins share a globally similar β-sandwich architecture, TCRs are 7 specialised to recognise peptide antigens in the binding groove of the major histocompatibility 8 complex, while antibodies can bind an almost infinite range of molecules. For both proteins, 9 the main determinants of target recognition are the complementarity-determining region (CDR) 10 loops. Five of the six CDRs adopt a limited number of backbone conformations, known as the 11 'canonical classes'; the remaining CDR (β3 in TCRs and H3 in antibodies) is more structurally 12 diverse. In this paper, we first update the definition of canonical forms in TCRs, build an auto-13 updating sequence-based prediction tool (available at http://opig.stats.ox.ac.uk/resources) and 14 demonstrate its application on large scale sequencing studies. Given the global similarity of TCRs 15 and antibodies, we then examine the structural similarity of their CDRs. We find that TCR and 16 antibody CDRs tend to have different length distributions, and where they have similar lengths, 17 they mostly occupy distinct structural spaces. In the rare cases where we found structural simi-18 larity, the underlying sequence patterns for the TCR and antibody version are different. Finally, 19 where multiple structures have been solved for the same CDR sequence, the structural variability 20 in TCR loops is higher than that in antibodies, suggesting TCR CDRs are more flexible. These 21 structural differences between TCR and antibody CDRs may be important to their different bio-22 logical functions. 23 1 Introduction 24
As our TCR canonical classes showed conserved sequence patterns (Figure 2 and S1 -S4), we 144 built a sequence-based, length-independent position-specific scoring matrix (PSSM), that can be 145 used to predict TCR CDR canonical classes (55). The performance of the predictor was evaluated 146 Figure 2 : CDRα3 canonical classes. At a 1.0Å clustering threshold, our DBSCAN method identified five canonical classes. Each class has at least five structures and two unique sequences. For every CDRα3 class, the centroid structure is illustrated, with anchors in white, and the CDRα3 region (IMGT 105-117) coloured. The Protein Data Bank (PDB; 7) four-letter code and the chain identifier of the centroid structure is shown in the bracket next to the cluster name. The sequence pattern below each centroid structure is generated by WebLogo (12), using the unique sequences of the cluster: α3-10-A has 11, α3-11-A has 6, α3-12-A has 2, α3-13-A has 3 and α3-13-B has 2. is effectively a length-independent RMSD value (40). The DTW scores are then clustered using 329 the DBSCAN method (18).
330
In the clustering of TCR CDRs alone, we only consider a set of sequences to be a CDR cluster 331 only if it contains a minimum of five structures and two unique sequences. If a set contains five 332 or more structures but only one unique sequence, we label this a 'pseudo-class'. All other loops 333 are considered to be 'unclustered'. This is a more lenient threshold than previous investigations 334 clustering antibody CDR loops (e.g. 40), as the dataset of TCR structures is far smaller. To choose 335 the optimal clustering parameter, DBSCAN was run over a range of DTW score thresholds in 336 increments of 0.1Å. We find that 1.0Å offered an optimal balance between the number and size 337 of clusters for the five TCR CDR loops.
339
For the clustering of multiple CDR types, we use the same clustering thresholds and crite-340 ria for the respective CDR types as the antibody study (40) AVSAKGTGSKLS. We found that 3tfk:C has the same CDRα3 sequence as 3tf7 and a backbone 356 RMSD of 0.81Å ; thus, we assigned their α3-7 to our α3-12-A class. 
where p a,i represents the probability of a at i, and this is calculated separately for each class.
361
The background probability of a, b a , was assumed to be identical for all residues i.e. 0.05.
362
To predict the cluster for a target loop with length l, we first select PSSMs containing loops 
If a is never observed at i, we assume s(a, i) = −1. For canonical class assignment, we des-367 ignated a target loop to the class with the highest value of P c . Furthermore P c must be higher 368 than 1, except for CDRα3where P c must be equal to or greater than the loop's length. The value
